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Abstract 
Metal-organic frameworks, crystalline structures consisting of metal ions and organic ligands, 
are a topic of interest in research. The porous structure of MOFs creates a high surface area, 
making MOFs useful in the absorption and purification of gases and as a reaction catalyst. To 
keep the porous structure of MOFs, it is useful to use rigid ligands that will consistently bind 
with the metal ions in the same manner. This project focused on synthesizing two porphyrins. 
The aromatic structure of porphyrins provides a stable lattice work for MOFs. Metal ions can 
bind to the external substituent groups and in the center of the porphyrin ring, allowing 
porphyrins to form an array of two dimensional and three dimensional MOFs. This report looks 
at methods used to synthesize TCPP and TPyP. 
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1. Introduction 
Metal-organic frameworks (MOFs) are crystalline solids formed by the coordination of metal 
ions with organic ligands. This coordination forms a continuous framework, known as 
coordination polymers, with a permanent porosity, allowing for the absorption of various 
molecular structures1.  
MOFs are similar to zeolites in that they are a porous solid with a high surface area. Unlike 
zeolites, which usually consist of aluminosilicate minerals, the properties of MOFs can be easily 
altered by controlling the organic ligands involved in the structure. The possibilities of altering 
the ligands and metal ions that build the framework of the MOFs lends to a nearly unlimited 
number of possible MOFs that can be synthesized, each with its own set of properties and 
applications2. 
MOFs can have up to 90% free volume. This makes MOFs useful in the absorption of many 
different structures from hydrogen molecules to carbon dioxide and in the separation of 
mixtures3. Since MOFs can be synthesized using so many different ligands and metal ions, the 
sizes of the pores and the characteristics of the metal ions used can be adapted to fit specific 
structures and sizes of molecules, allowing for selectivity in absorption. 
In the synthesis of consistent and predictable crystal structures it is beneficial to use rigid 
ligands. This ensures that the ligands will bond with the metal ions in the same manner 
throughout the structure3. As such, porphyrins, a class of aromatic structure, can be used to 
create MOFs. Porphyrins are capable of coordinating metal ions both in the center of the rings 
and on the substituent groups at the 5, 10, 15, and 20 positions of the molecule. This 
coordination allows porphyrins to form both two dimensional and three dimensional MOFs, 
creating highly porous structures1. The types of metal ions and the number of ions that the 
porphyrin can coordinate to is dictated by the substituent groups on the molecule, which can 
be altered in the synthesis of the porphyrin. This allows porphyrins to be synthesized to fit the 
needed criteria of the desired MOF . 
The focus of this project was to synthesize two porphyrins to be used in the development of 
MOFs by the MacDonald Group. The porphyrins being synthesized are meso-tetrakis(4-
carboxyphenal)porphyrin, characterized by a 4-carboxyphenal group at the 5, 10, 15, and 20 
positions, and meso-tetrakis(4-pyridyl)porphyrin, characterized by a 4-pyridyl group at the 5, 
10, 15, and 20 positions.  
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2. Background 
2.1 Porphyrins 
Porphyrins are aromatic structures that consist of four ‘pyrrole-type’ rings that are connected 
by methine bridges. The cyclic structure of porphyrins was first suggested by Küster in 1912, but 
it was thought that the structure would be unstable. It was finally shown that the structure 
would be stable with the synthesis of protoheme in 19294. 
Porphyrins are derived from porphin, the base structure of the ‘pyrrole-type’ rings. Chains are 
added to some or all of the peripheral positions of the pyrrole rings and/or the methine 
positions, designated as the meso-positions. Altering these side chains can affect the both the 
reactivity of the porphyrin and the stability of the porphyrin4. 
 
Figure 1: The numbered structure of the porphin ring with the meso-positions designated in red 
 
Porphyrins and similar structures, such as chlorins, are found widely throughout nature. These 
molecules make up pigments that provide much of the color in nature and are important for 
transportation and storage. These structures can be found in photosynthesizing organisms, as 
chlorins are the base structure of chlorophyll a, and in animals as both hemoglobin and 
myoglobin contain protoheme, a type of porphyrin5. 
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a. 
 
b.  
Figure 2: Structures of commonly found porphin based molecules. Structures taken from the National Center for Biotechnology 
Information (https://pubchem.ncbi.nlm.nih.gov/).  a. Chlorophyll a  b. Protoheme, a porphyrin that makes up hemoglobin and 
myoglobin 
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One common method for synthesizing porphyrins in the lab is heating pyrrole with an aldehyde. 
This method was described by Rothemund4 and is the method used in this experiment. To alter 
the substituent groups in the meso-positions, the aldehyde heated with the pyrrole is changed. 
Common solvents used for this method are formic acid and propionic acid. While there are 
other methods available for synthesizing porphyrins they tend to take much longer than this 
method. 
2.2 Metal-Organic Frameworks 
 Metal-organic frameworks (MOFs) are structures that combine metal ions with organic ligands. 
The crystalline structures formed show both high thermal and high mechanical stability. While 
MOFs are similar in design to other porous solids, such as zeolites and carbon structures, MOFs 
show higher framework flexibility when interacting with other molecules. MOFs also show 
much higher porosities and surface areas, with some MOFs reaching up to 5900m2g-1 or 
higher6. 
 
Figure 3: Example of a porphyrin based MOF
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Due to the structure and porosity of MOFs, they can be particularly useful when dealing with 
gases. Specifically sized pores in MOFs allow them to be used in both the purification and 
separation of gases. In purification small traces of a gas can be removed from a larger sample of 
mixed gas. It has been shown that the use of MOFs was able to bring the concentration of 
tetrahydrothiophene (THT) in natural gas from 10-15ppm down to less than 1ppm6. 
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The high porosity of MOFs also lends them to being efficient at storage of gases. Since MOFs 
tend to have higher porosities and surface areas than other porous solids it is capable to store 
higher volumes of gases within the MOFs6. 
 
Figure 4: Uptake of CH4 by MOFs compared to that of activate carbon 
6
 
MOFs can also be used as a heterogeneous catalyst. When considering a molecule for use in 
catalysis it is important to consider the requirements for a catalyzed reaction. To be an effective 
catalyst the molecule must offer both shape and size selectivity. This is in part achieved through 
uniform porosity and molecular dimensions, which can be found in MOFs. The uniform 
structure of MOFs also allows for active sites to remain separated, which combined with the 
high density of active sites per volume present in MOFs increases the overall activity and 
effectiveness of the catalyst6. 
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3. Experimental 
All reagents used were Alfa Aesar products purchased through Fisher and were used without 
further purification. 
3.1 meso-tetrakis(4-carboxyphenyl)porphyrin (H2TCPP) 
3.1.1 Synthesis 
The synthesis of meso-tetrakis(4-carboxyphenyl)porphyrin (H2TCPP) follows the procedure 
outlined by Saeed et. al.8 Equimolar portions of pyrrole (0.2mL, 0.193g, 2.88mmol) and 
terephthaladehydic acid (0.3380g, 2.25mmol) are refluxed with an excess of propionic acid 
(100mL, 99.3g, 1.34mol). The solution is allowed to reflux for two hours with progress of the 
reaction being monitored via thin layer chromatography (TLC). Once the reaction is complete 
the solution is allowed to cool. The solution is then filtered and rinsed with warm water and 
methanol. After being allowed to air dry, the precipitate is collected as a dark blue powder off 
of the filter paper, resulting in a 12.53% yield. 
3.1.2 Purification 
To obtain a purer product, the solution collected from the filtration was evaporated using 
rotary evaporation (rotovap). This resulted in a higher yield (77.21%) of dark blue crystals. 
Further purification of these crystals was attempted by dissolving the crystals in one normal 
hydrochloric acid (HCl). After dissolving the crystals in HCl chloroform and water were used to 
rinse out any organic soluble impurities. The acid solution was neutralized using a one molar 
sodium carbonate solution. The resulting solution was then rinsed with chloroform to separate 
the now organic soluble product and placed in a separatory funnel. The theory was that organic 
soluble impurities would first be separated from the solution and drained off. After 
neutralization, the protonated product would go into the organic phase, leaving any inorganic 
soluble impurities in the aqueous phase. The chloroform solution that was collected was placed 
in the rotovap to isolate the collected sample. It was found that the sample had not dissolved 
into the organic phase of the solution and was not present. This was most likely due to H2TCPP 
having a relatively low solubility in HCl. This aligns with the trend that porphyrins containing 
carboxylic acids tend to have higher solubility in basic solutions9.  
3.1.3 Characterization 
Nuclear magnetic resonance (NMR) spectra were taken of both the crude product collected 
from filtration and the product taken from the rotovap. The product is not soluble in 
chloroform, so dimethyl sulfoxide-d6 (deuterated DMSO) was used as an NMR solvent. In the 
test of the crude product there were no peaks for the product present, indicating that the 
concentration was too low. While the peaks observed from the NMR of the purified product 
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were still small, they were significantly larger than those of the crude product. Along with NMR, 
mass spectrometry (Mass Spec) was taken of the sample using ethanol as a solvent. 
3.2 meso-tetrakis(4-pyridyl)porphyrin (TPyP) 
3.2.1 Synthesis 
The synthesis of meso-tetrakis(4-pyridyl)porphyrin (TPyP) follows the procedure described by 
Indri et. al.10 Pyridine-4-carbaldehyde (3.16mL, 3.59g, 3.35mmol) is dispersed in propionic acid 
(75mL, 74.475g, 1.01mols). This mixture is heated to 90°C under reflux. A mixture of pyrrole 
(2.32mL, 2.24g, 3.34mmol) and propionic acid (10mL, 9.93g, 0.134mol) is then added slowly via 
a dropping funnel and the resulting mixture is heated to 141°C for three hours. The reaction 
progress is monitored by TLC every hour. Once the reaction is complete, the solution is filtered 
and rinsed with hot water and methanol. After being vacuum dried the precipitate is collected 
in dark blue sheets off of the filter paper with a 1.35% yield. 
3.2.2 Purification 
The solution collected from filtration was evaporated using rotovap. Once the solution had 
been evaporated off, there was a thick dark violet residue left. This residue was rinsed with 
water and filtered. The product collected was a dark blue powder. After rinsing and filtering the 
powder with water, the yield was 69%. Purification of this powder was attempted by various 
methods of dissolving the product and evaporating the solvent. Further purification was 
attempted by dissolving the powder in hot ethanol and slowly adding water to the solution to 
force the TPyP out of solution. Purification by dissolving the product in 1N HCl using the same 
procedure as described with H2TCPP was also attempted.   
3.2.3 Characterization 
As indicated by Indri et. al., chloroform-d was used as an NMR solvent for TPyP. The crude 
product collected directly from filtration did not easily dissolve in the chloroform, so hot 
chloroform was used in an attempt to get more of the product into solution. The amount of 
product that went into solution was not significantly larger, and the NMR spectrum still resulted 
in only small peaks for the product. The product collected from the rotovap was significantly 
more soluble in chloroform than the crude product, and as such resulted in larger peaks that 
were able to be used to characterize the product. Although the product from the rotovap was 
more soluble in chloroform, it did not completely dissolve. To ensure that there were no solid 
particles in the sample, the solution was run through a pipette with a kimwipe filter to remove 
any solid particle that may not have dissolved. Mass Spec was for the sample was run using 
ethanol as a solvent: 1H NMR (CDCl3, 500MHz) 8.19-8.20 (m, 8H), 8.90 (s, 8H), 9.09-9.10 (m, 8H), 
-2.89 (s, 2H); MS 619.2m/z, 310.1m/z. 
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4. Results and Discussion 
4.1 meso-tetrakis(4-carboxyphenyl)porphyrin (H2TCPP) 
The reactants to synthesize H2TCPP were refluxed in propionic acid for two hours. As the 
reaction heated, the solution changed color from a light clear yellow color to a dark opaque 
brown color. 
 
Figure 5: Synthesis reaction of H2TCPP 
 
The reaction was monitored using TLC each hour (see Figure 6). Once complete, the solution 
was filtered resulting in a dark purple powder. Because of a low yield, the filtrate was placed in 
a rotovap. After the solution had been evaporated off, there were dark purple crystals left. 
These crystals were rinsed with water and filtered and were then left to air dry. While the 
crystals looked purer than the initial product collected from the reaction, the NMR of the 
crystals does not match the reported NMR peaks referenced by Saeed et. al. 1H NMR (DMSO, 
500MHz) showed peaks at 5.77ppm(s, 2H), 8.36-8.42ppm(m, 19H), and 8.88ppm(s, 8H). 
Further, the integrations of the peaks do not match the predicted number of hydrogen atoms in 
the structure. These discrepancies may be due to a side reaction or it may be that the product 
was not thoroughly purified. Mass Spec showed no significant peaks in the predicted areas of 
791g/mol or 395g/mol indicating that there may have been side reactions or that the product 
was not soluble enough in the solvent used (ethanol). 
 
Further purification was attempted by means of dissolving the product in 1N HCl, resulting in a 
transparent light green solution with solid product. Water and chloroform were used to wash 
any organic soluble impurities out of the solution. This organic phase was separated using a 
separatory funnel and was evaporated off under reduced pressure. This resulted in a negligible 
amount of solid residue. The acid solution was then neutralized using a 1M solution of sodium 
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carbonate, resulting in a dark brown solution. This solution was chloroform, which should 
dissolve the product and leave the inorganic soluble impurities in the aqueous layer. This 
method of purification did not work as H2TCPP has very low solubility in HCl. H2TCPP has a low 
solubility in many common solvents making further purification of the product difficult. 
 
a.       b.  
Figure 6: TLC plates taken during the synthesis of H2TCPP. The left-most spots represent the reactant, the right-most spots 
represent the reaction mixture, and the center spots represent a co-spot of both reactant and reaction mixture.  
 a. Reaction after one hour b. Reaction after two hours 
 
4.2 meso-tetrakis(4-pyridyl)porphyrin (TPyP) 
The synthesis of TPyP was carried out twice due to poor yield from the first reaction. Once the 
mixture of pyrrole and propionic acid began dropping into the pyridine-4-carbaldehyde 
solution, the mixture changed color from a clear yellow color to a dark brown color. As the 
reaction took place TLC was used each hour of the reflux to track the progress of the reaction 
(see Figure 8).  
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Figure 7: Synthesis reaction of TPyP 
 
The product collected from filtration was in the form of a brown powder that had very low 
solubility in solvents such as water and chloroform. The second reaction resulted in a higher 
yield than the first, although the yield was only at 1.73%. To acquire a purer sample and a 
higher yield, the filtrate was placed in a rotovap and the solvent was removed under reduced 
pressure. This resulted in a dark blue/violet powder. The powder was rinsed with water and 
filtered twice to remove any solvent that may be left.   
 
a.      b.      c.  
Figure 8: TLC plates taken during the synthesis of TPyP. The left-most spots represent the reactant, the right-most spots 
represent the reaction mixture, and the center spots represent a co-spot of both reactant and reaction mixture. 
 a. Reaction after one hour b. Reaction after two hours c. Reaction after three hours 
The product was dissolved in deuterated chloroform (CDCl3) to obtain the 
1H NMR spectrum 
(500MHz). The spectrum showed peaks from 8.19-8.20ppm (m, 8H), 8.90ppm (s, 8H), 9.09-
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9.10ppm (m, 8H), and -2.89ppm (s, 2H). These peaks are in agreement with the findings of Indri 
et. al.  
Mass Spec, using ethanol as a solvent, showed peaks at 619.2m/z and 310.1m/z. This indicates 
the presence of some product that is single charged and some product that is double charged. 
Further purification of the product was attempted by dissolving the product in 1N HCl resulting 
in an opaque dark green solution. Chloroform and water were used to rinse the solution and 
separate any organic soluble impurities from the solution. The acidic solution was neutralized 
using a 1M sodium carbonate solution resulting in a dark brown solution. Chloroform was 
added to this solution to separate the now organic soluble product. The organic layer turned a 
red/brown color as the product began separating from the aqueous layer. A layer of dark brown 
product that had not yet dissolved into the organic layer settled between the aqueous and 
organic layers. The organic layer was separated from the aqueous layer using a separatory 
funnel and the liquid was removed under reduced pressure resulting in a dark blue/black 
residue. This process was repeated to dissolve the remaining product that had settled at the 
bottom of the aqueous layer. 1H NMR (CDCl3, 500MHz) showed small peaks at 8.09-8.10ppm 
(m, 8H), 8.80ppm (s, 8H), and 8.99-9.00ppm (m, 8H) 
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5. Spectral Data 
5.1 Starting Materials 
5.1.1 Pyrrole 
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5.1.2 Propionic Acid 
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5.1.3 4-Carboxybenzaldehyde 
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5.1.4 4-Pyridinecarbaldehyde 
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5.2 Products 
5.2.1 meso-tetrakis(4-carboxyphenyl)porphyrin (H2TCPP) 
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5.2.2 meso-tetrakis(4-pyridyl)porphyrin (TPyP) 
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5.3 Mass Spectrometry 
5.3.1 TPyP Mass Spec 
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